This study investigated stable-isotope ratio evidence of weaning for the late Anglo-Saxon population of Raunds Furnells, Northants., UK. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   4 The age at which a child is weaned is an important cultural variable that has an impact on demographic factors such as the fertility rate and child mortality rate of a population (Katzenberg et al., 1996; Mays et al., 2002; Dupras and Tocheri 2007). Previous research has investigated weaning practices using stable isotope ratio analysis of nitrogen, as well as carbon in some studies. This study aimed to compare evidence of weaning age derived from carbon and nitrogen isotope ratio analyses with evidence of weaning practices taken from documentary sources for the later Anglo-Saxon period (c. 850-1066AD) in England, and then to place these results in the broader context of changing weaning practices over approximately 2000 years.
The age at which a child is weaned is an important cultural variable that has an impact on demographic factors such as the fertility rate and child mortality rate of a population (Katzenberg et al., 1996; Mays et al., 2002; Dupras and Tocheri 2007) . Previous research has investigated weaning practices using stable isotope ratio analysis of nitrogen, as well as carbon in some studies. This study aimed to compare evidence of weaning age derived from carbon and nitrogen isotope ratio analyses with evidence of weaning practices taken from documentary sources for the later Anglo-Saxon period (c. 850-1066AD) in England, and then to place these results in the broader context of changing weaning practices over approximately 2000 years.
In the early Anglo-Saxon period (c.450-650 AD) children aged over two to three years were more likely to be buried in normal cemeteries than their younger contemporaries and were more likely to be buried with artefacts, including knives and occasionally weapons such as spear tips (Härke, 1992; Crawford, 1993 Crawford, , 1999 Lucy, 1994; Stoodley, 2000) . This relationship has been interpreted as evidence that at this age children started to be viewed differently in society. Such a change corresponds with later Anglo-Saxon documentary evidence which reports the social transition from unsprencende cild (child without speechbelieved to correspond with the Latin infans, or infancy) to the next stage of childhood, after which decisions about the future of the child (for example, whether they would go into the church) could be made (Crawford, 1999, 54) . This evidence suggests that Anglo-Saxon children passed through an important age threshold around two to three years of age, one which altered their social -and possibly their legal -status. It has been argued that this may have been the age by which infants were fully weaned, and it corresponds with a peak in mortality in some populations (Hawkes and Wells, 1983; Crawford, 1999) . The present study has used measurement of carbon and nitrogen isotope ratios to investigate the age of weaning of an Anglo-Saxon population, and thereby establish whether weaning age estimations 5 derived by this chemical technique correspond with contemporary documentary and archaeological evidence.
The identification of trophic level shifts by the analysis of nitrogen isotope ratios in human bone can be utilised to study weaning age (Herring et al., 1998; Schurr, 1998; Fuller et al., 2006a) . Trophic levels are the stages within food chains (i.e. producers, primary consumers, or secondary consumers) and stable isotope ratios vary between trophic levels due to the fractionation of isotopes within tissues. Isotope fractionation is the separation of the lighter and heavier isotopes of an element, and in this case the preferential excretion of the lighter isotopes from animals, leaving the body tissues enriched in the heavier isotopes (Pollard et al., 2007, 170) . When a secondary consumer feeds, it ingests tissues which have already been enriched with the heavier isotope. Further fractionation occurs within that animal, leading to more isotope enrichment in its tissues. This fractionation mechanism continues up the food chain, with increases of around 3-6‰ in δ 15 N and 1-1.5‰ in δ 13 C bewteen each trophic level (DeNiro and Epstein, 1981; Schoeninger and DeNiro, 1984; Bocherens and Drucker, 2003; Müldner and Richards, 2005; Hedges and Reynard, 2007) .
When an infant is exclusively breastfeeding they are one trophic level above their mother, and this dietary difference is reflected in their nitrogen isotope signature, as has been shown in both modern (Fogel et al., 1989; Fuller et al., 2006a) and archaeological studies (Schurr, 1997; Herring et al., 1998; Dupras et al., 2001; Mays et al., 2002; Richards et al., 2002; Fuller et al., 2003; Prowse et al., 2008) . δ 15 N values in the infants' tissues will rise to be c. 2-4‰ higher than the mother, whilst the latter is breastfeeding, before gradually falling to the same level as the adults within the population (Jay et al., 2008; Katzenberg and Pfeiffer, 1995; Larsen, 1997, 284 ; Fig. 1 ). δ 13 C values should follow a similar pattern, with an increase of up to 1‰ during breastfeeding, but with a more rapid decrease to the population mean once supplementary foods are introduced (Fuller et al., 2006a; Jay, 2009 ). This is 6 because carbon occurs in all parts of the diet, whereas dietary nitrogen is derived almost exclusively from protein (Schoeller, 1999; Jim et al., 2006) . The introduction of low-protein supplementary foods will thus affect δ 13 C more than δ 15 N (Fuller et al., 2006a; Jay et al., 2008) .This study has used stable isotope analyses to investigate the weaning age of infants buried in the late Anglo-Saxon cemetery at Raunds Furnells, Northamptonshire, UK (Boddington, 1996) . Nitrogen and carbon isotope ratios in the collagen of sub-adults of different ages were analysed, and then have been compared to the isotope ratio signatures of adult females of child-bearing age (young and middle adults, c. <46 years) from the same population.
Raunds Furnells
A small chapel was founded at Raunds in the 9th century, around which a cemetery was founded in the 10 th century. The cemetery was almost completely excavated between 1977 and 1984 and it remains one of the most completely excavated churchyard cemeteries of the later Anglo-Saxon period. Importantly, the cemetery and chapel went out of use before the Norman Conquest (AD 1066) and thus there is little disturbance of the burials and the chronology of the cemetery is well understood. Radiocarbon dates for the graveyard give a date range of cal AD 978-1040 (cal to two sigma) (Boddington, 1996, 72) . The graves were arranged in orderly rows, the burials were all supine and extended, orientated east-west with the head at the west end of the grave, and individuals were interred without grave goodstypical of cemeteries of this period. The cemetery is notable because of the large number of well-preserved skeletons (n=361), the use of stones within the graves to support the heads (and occasionally other areas) of the bodies, and the clustering of infants' graves around the church, in the so-called 'eaves-drip' area (Boddington, 1996 , Hadley and Buckberry, 2005 , Craig and Buckberry, 2010 Craig-Atkins in prep) . The site is also well known for the large 7 number (n=162) of well-preserved and accurately aged sub-adult skeletons, which made it ideal for our study. 17.2% of the entire population died in infancy (0 to 12 months); 8% in early childhood (1 to three years); 10.2% in middle childhood (four to seven years) and 4.7%
in older childhood (8-12 years) (Craig, 2006, 115) . Active cribra orbitalia, which can be an indication of physiological stress, had a higher true prevalence rate in individuals in the middle childhood category (Craig, 2006, 117;  Table 1 ). This age distribution and pattern of pathology suggests that there was a physiological stress on the population that was severe enough to increase risk of death during middle childhood, which was not present for slightly older or younger children. One possible explanation is that this stress could be due to decreased immunity in children after weaning.
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MATERIALS AND METHODS
Samples were taken from the rib mid-shaft of 60 juveniles between birth and seven years-at-death (see Tables 2 and 3 ). An attempt was made to collect a similar number of samples for each 6-month age period within this range. The adult samples (n=20; also taken from the rib mid-shaft) are from females aged 18 to 45 years, with the majority belonging to the young or young/middle adult age categories in order to ensure they are females of childbearing age. Data from a previous study of isotope ratios in adults from Raunds (Howcroft 2008) have been included in the data set.
Age was estimated by Craig (2006) using dental development and eruption, epiphyseal fusion and long bone length (Scheuer and Black, 2000a; Scheuer and Black, 2000b; Moorrees et al., 1963a,b; Ubelaker, 1989) , with more reliance placed on the dental age estimates. For adults, sex was assessed using morphological traits of the pelvis and skull Ubelaker, 1994) and age was estimated using the pubic symphysis, auricular surface and dental wear (Brothwell, 1972; Brooks and Suchey, 1990; Buckberry and Chamberlain, 2002) .
In order for stable isotope ratios in bone collagen to be used to estimate the age of weaning, the rate at which changes in the isotope ratios in the diet are incorporated and recorded in the bone must be taken into account. Bone turnover rates vary with physiological stress (Abrams et al., 1993; Weinbrenner et al., 2003) , bone type (trabecular or cortical) and therefore skeletal element (Valentin, 2002) , and also with age (Wild et al., 2000) ; the latter two factors are particularly important to this study. Trabecular and cortical bone remodel at similar rates during infancy; however, by the age of five years trabecular bone remodels at a relatively faster rate in comparison to cortical bone (Valentin, 2002) . In this study, ribs were sampled, as they have a high proportion of trabecular bone and therefore a faster bone turnover than other elements. In addition, bone turnover will have been faster in the infants and young children than in the older individuals in the population (bone turnover is 300% per year for individuals aged birth to three months, 105% per year at one year of age, and 66%
per year at five years of age; Valentin, 2002) . This observation means that the lag between dietary change and its reflection in the bone collagen isotope signature will be minimal for children younger than or around weaning age. Trabecular bone in adults remodels at 10-25%
per year (Valentin, 2002; Hedges et al 2007) , meaning isotope ratio analysis of collagen extracted from ribs of the adults used as a baseline in the study will give a mean value that represents the diet over approximately the last four to ten years of life.
Rib samples were prepared using the Longin (1971) method, with modifications by Brown et al. (1988) . 300-400 mg samples were cleaned using air-abrasion and demineralised in 0.5M HCl at 4°C for one to two weeks. The samples were rinsed, then heated to 70°C for 48 hours in a pH3 solution. The samples were filtered using an Ezee filter, then ultra-filtered 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   9 using a Millipore membrane. The collagen produced was frozen overnight at -35°C, then freeze-dried over a 48 hour period. The samples were analysed in duplicate using a DeltaPlus XL continuous helium flow stable isotope ratio mass spectrometer, coupled to a Flash EA 1112 series elemental analyser, at the University of Bradford. Using a number of laboratory standards, analytical error was determined to be ±0.2‰.
RESULTS
Two measures of sample integrity were utilised in order to exclude any samples presenting evidence of excessive collagen degradation. DeNiro and Weiner (1988) show that modern collagen samples have a C:N ratio between 2.5-3.9, and that collagen samples with C:N ratios outside of this range have been substantially affected by degradation processes, and therefore are not suitable for analysis. The majority of samples from Raunds have C:N ratios between 3.22 and 3.59, indicating that they are sufficiently preserved. One replicated sample (R5343) produced an erroneous C:N ratio of 6.28 and was excluded from further analysis. Fresh bone has a collagen yield of approximately 22% by weight, which falls after burial (Van Klinken, 1999) . The speed of this loss of collagen is dependent on burial conditions, and collagen yields under 1% are considered to be too diagenetically altered to provide accurate isotope ratio determinations. Ten samples from Raunds has collagen yields under 1%; of these, eight samples had collagen yields between 0.5% and 0.9%, and had C:N ratios consistent with non-diagenetically altered collagen, therefore these samples were not excluded (DeNiro and Weiner, 1988; Dobberstein et al., 2009) . Samples from R5213 (adult) and R5322 (two to four years) had collagen yields of only 0.2%, and were excluded from further consideration in this study. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   10 The carbon and nitrogen isotope ratio data for all individuals are summarised in Table 3 ). The wide range of δ 15 N values in the Raunds juveniles relative to the adults suggests that the individuals in the age bracket birth to six years were consuming more varied diets than adult females from the same population (Fig. 3) .
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The data for δ 13 C values are varied, with a weak relationship between age-at-death and δ 13 C value (Fig. 4) . All individuals between six months and two years of age have δ C range, and even the peak value (-18.88‰, R5109, a 2-year old) is less than 1‰ above the mean adult δ 13 C value (see Table 3 ). Although the carbon isotope ratio data does not show a clear relationship with age, the general pattern observed echoes that seen in the nitrogen isotope ratios for this population.
Interpretation -Breastfeeding at Raunds
The results of this study show an increase in δ 15 N values in Raunds juveniles after birth of c. 3‰ compared with the adult baseline, reflecting the trophic level shift A series of t-tests (Table 4) show that the most significant differences (p<0.005) in mean δ 15 N values occur between the age groups 0 years and 0.5 to one year old -a rise in δ 15 N values related to breast-feeding after birth, and between 2.5 and three years.
The latter result would suggest that after the age of 2.5 years, juveniles at Raunds Furnells , 2007) indicated that children were breastfed until at least six to nine months and were eating a low protein diet between three and six years. The sampling strategy of their study compared dentine in teeth that developed at different ages, which meant that a precise age for weaning could not be given.
How does the data from the Anglo-Saxon period compare with that from weaning studies of populations of different date in Britain? Data are now published that weaning was initiated at an earlier age and complementary feeding lasted just one year. This pattern of change in weaning practice continues in two post-medieval populations:
complementary feeding commenced at an earlier age and was of shorter duration than during the medieval period. The reduction in both the age of commencement of weaning and the duration of complementary feeding could be related to the rise in urbanisation during the late Anglo-Saxon, medieval and post-medieval periods. Agricultural and hunter-gatherer populations tend to breast-feed for longer than urban populations, to increase birth spacing and control population size (Clayton et al., 2006 ). Cessation of breast-feeding at an earlier age would increase fertility rates and could therefore also be a factor in the population increase associated with rising urbanisation. The link between weaning, birth spacing and urbanisation should be investigated further. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16
CONCLUSION
Weaning age is an important cultural variable, which has an impact on morbidity and mortality patterns, as well as fertility rates, within a population. However, osteological indicators of weaning and increased mortality rates are also indicators of other physiological stresses. Stable nitrogen isotope ratio data suggests that complementary feeding at Raunds began around the age of 1.75 years old, and that infants ceased breast-feeding by three years.
Following this event, there is a peak in mortality and in the prevalence of cribra orbitalia within this population. The Raunds data corresponds with the weaning age established at the Anglo-Saxon site of Berinsfield (Privat et al., 2002) , as well as with documentary sources.
Archaeological evidence indicates that this age was also marked by a change in social status, as evidenced by increased provision of grave goods to individuals aged over two to three years during the earlier Anglo-Saxon period. Together, these data suggest that age two to three years represented a significant milestone in the life of Anglo-Saxon children.
Comparisons to Romano-British, medieval and post-medieval populations indicate a change in weaning practices through time, leading to shorter periods of complementary feeding and an earlier age of the onset of weaning, possibly related to the rise of urbanisation across these periods. However, the determination of the nitrogen isotope ratios of a wider range of sites for these periods would allow for clarification of this pattern of change, and would contribute to greater discussion of changes in population size and the increase of urbanisation over the last two millennia . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 (YA, ; young middle adult (YMA, ; old middle adult (OMA, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48   5 10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48   6 10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48   7 10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 8 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
